Introduction {#Sec1}
============

Influenza A virus (IAV) causes respiratory tract infection in humans and animals with strong infectivity, rapid epidemic, and variation (Cheung and Poon [@CR5]). Anti-influenza drugs currently used in the clinic include influenza virus matrix protein M2 ion channel inhibitors (amantadine), neuraminidase (NA) inhibitors (oseltamivir) (Pawestri et al. [@CR35]; Pires de Mello et al. [@CR37]), and RNA polymerase inhibitors (ribavirin) (De Clercq [@CR14]). However, the toxicity and side effects of long-term and large-scale use of anti-influenza drugs and their resistance to viruses have attracted much attention (Choi et al. [@CR8]). NA inhibitor, oseltamivir, has been approved by the US Food and Drug Administration for the treatment of influenza and oseltamivir-resistant IAV emerge frequently (Kiso et al. [@CR23]; Liao et al. [@CR30]).

When the respiratory tract is infected with IAV, monocytes and macrophages gather around the lungs, producing and releasing a large number of proinflammatory cytokines and chemokines, which would cause inflammatory damages to the lung tissue. This process is called "cytokine storm" (Perrone et al. [@CR36]), which is considered as a predictor of morbidity and mortalities during influenza infection (Ding et al. [@CR17]). Viral pneumonia accounts for 40--66% of hospitalized patients with influenza, while 22.9--42% of pneumonia patients can develop acute respiratory distress syndrome (ARDS) (Denholm et al. [@CR16]), which is the main cause of mortality in patients with severe influenza (Chien et al. [@CR7]).

*Polygala*(*P.*)*japonica* herba, a traditional Chinese herb, has been used as an expectorant, antitussive, antibacterial, and ataractic agent (Zhang et al. [@CR43]). It is widely used in China to treat acute bronchitis, pharyngitis, pneumonia, amygdalitis, and respiratory tract infections in children (Zhou et al. [@CR45]). The compounds isolated from *P. japonica* so far mainly include saponins, flavonoids, xanthones, polysaccharides, etc. Saponins are one of the key components of *P. japonica* (Fu et al., [@CR19]). These activities may be due to the presence of various saponins in *P. japonica*, since studies have showed that the saponins found in *P. japonica* have antipsychotic, anti-inflammatory, and expectorant effects (Chung et al. [@CR10]; Wang et al. [@CR39]). Polygalasaponin F (PSF, C~53~H~86~O~23~, Fig. [1](#Fig1){ref-type="fig"}) is a triterpenoid saponin and is also one of the major active constituents of *P. japonica* used for the quality control of the medicine (Zhou et al. [@CR45]). Previous research has reported that PSF has anti-inflammatory effects and its mechanism is associated with the NF-κB signaling pathway (Wei et al. [@CR40]; Yan et al. [@CR42]; Wang et al. [@CR39]). Inflammation is associated with influenza. Importantly, hypercytokinemia is often correlated with severe pneumonia caused by several influenza viruses. When infected by influenza virus, the cytokines will be duplicated with the support of various cell-signaling pathways such as the changes in Raf/MEK/ERK, nuclear factor (NF)-κB, and phosphatidylinositol 3-kinase (PI3K) induced by IAV (Ehrhardt et al. [@CR18]). Therefore, a reduction in cytokine expression and viral replications by interfering the signaling events is considered as a beneficial method to treat IAV infections. PSF has an important role in anti-inflammatory activity and inhibition of (NF)-κB (Yan et al. [@CR42]; Wei et al. [@CR40]). PSF may also have the potential to treat pneumonia induced by IAV. This study was designed to investigate whether PSF could provide protection against pneumonia caused by influenza virus. The mechanisms of PSF anti-influenza virus using high-throughput proteome array and western blotting were also discussed.Fig. 1Structure of polygalasaponin F

Methods {#Sec2}
=======

Animals and Viruses and cells {#Sec3}
-----------------------------

Female BALB/C mice, provided by Medical Experiment Center of Guangdong province (Guangzhou, China), aged 6--8 weeks, specific-pathogen-free (SPF) were used. The study has been approved by the Animal Care and Use Committee of Guangzhou University of Chinese Medicine (Guangzhou, China, 2018, No.151). Humane endpoints were used through euthanasia and anaesthesia for the experimental mice (e.g. survival study).

A strain of mouse-adapted influenza virus, A/Font Monmouth/47(H1N1, FM1), was obtained from Chinese Center for Disease Control and Prevention (CDC). The virus was then plaque purified in Madin--Darby canine kidney (MDCK) cells and replicated in 9-day-old chicken embryos. Before the study, the virus pool was pretitrated in mice, so that a suitable challenge dose can be determined first.

Compounds {#Sec4}
---------

Polygalasaponin F was obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (purity ≥ 98%; Lot: Z13D5B1; Shanghai, China) and diluted to the desired concentrations with sterile saline (suspended in 0.5% Tween 80). Oseltamivir was acquired from Hoffmann-La Roche, Ltd. (Basel, Switzerland; Lot: M1301).

Murine model of influenza virus infection {#Sec5}
-----------------------------------------

BALB/c mice aged 8 weeks were divided into six groups, with ten mice in each, including negative control (NC), IAV control (IAV-C), PSF groups (PSF 50 mg/kg, 100 mg/kg, and 200 mg/kg), and the positive control oseltamivir (10 mg/kg). The dose of infection of influenza virus was used as described previously (Li et al. [@CR29]). The dose of PSF and oseltamivir were referred to pharmacological experiments in mice as described previously (Chung et al. [@CR10]; Langlois et al. [@CR26]). Intranasal infection of mice (except NC group) were carried out with 50 μL fifteen 50% mouse lethal challenge doses (MLD~50~) of influenza virus in sterile PBS (pre-cooled) with mild anaesthesia. Mice were orally administered with PSF or oseltamivir and received concomitant treatment for 5 days post-infection. On the 6th day after infection, 10 mice in each group were executed to measure body weight and lung wet weight, and to detect viral load, pathological changes, prostaglandins, cytokines, and expression of cellular pathway proteins in the lungs.

Survival experiments {#Sec6}
--------------------

BALB/c mice were intranasally infected by five MLD~50~ influenza viruses in pre-cooled sterile PBS. Mice were treated for 2 h after infection with PSF or oseltamivir (oral gavage). After infection, the mice were treated for 5 days and observed for 2 weeks every day. The weight loss, survival status, clinical symptoms, and signs of illness of mice were observed every day and the survival rate was evaluated.

Lung index {#Sec7}
----------

Lung index is used to reflect the severity of inflammation and pulmonary edema. After measuring the body weight, the lungs of mice were removed, washed, and measured. Lung index was calculated as follows: lung weight/body weight × 100%.

Lung pathology {#Sec8}
--------------

The lungs were treated with 10% PBS buffer, formaldehyde, dehydrated with graded ethanol, and imbedded in low-melting paraffin. The lungs were then cut into 5-µm pieces and then the pieces were sectioned for further examination. The sections were stained with HE and observed under microscope by double-blinded method.

The histopathology scores were examined to determine the extent of pneumonia in a blinded fashion as previously described (Chen et al. [@CR4]): 0 represented no pneumonia; 1 mild interstitial pneumonia (\< 25% of the lung); 2 moderate interstitial pneumonia (25--50% of the lung); 3 severe interstitial pneumonia (50--75% of the lung), and 4 very severe interstitial pneumonia (\> 75% of the lung).

Viral load analysis by quantitative polymerase chain reaction (qPCR) {#Sec9}
--------------------------------------------------------------------

The viral load of lungs are determined as previously described (Li et al. [@CR29]). Briefly, the lung was homogenized and centrifuged at 4000*g* for 15 min at 4 °C. Total RNA was extracted by RNeasy kit (TAKARA Biotechnology Co., Ltd, Dalian, China). Revert Aid First Strand cDNA Synthesis Kit (MBI Fermentas, Vilnius, Lithuania) was used to reverse transcribe it into cDNA as per the instruction of the manufacturer. The primer sequences of IAV M gene were: forward 5′-AATGGTGCAGGCGATGAGAG-3′ and reverse 5′-TACTTGCGGCAACAACGAGAG-3′. GAPDH primers used for internal controls of cellular RNAs were: forward 5′-CCTCGTCCCGTAGACAAAATG-3′ and reverse 5′-TGAGGTCAATGAAGGGGTCG-3′. Quantitative reverse transcriptase PCR (qRT-PCR) was performed with Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen) in an ABI Applied Biosystems ViiA 7™ Real-Time PCR System (Applied Biosystems, Foster city, CA, USA) based on the following parameters: 95 °C for 2 min, 40 cycles of 95 °C for 15 s, 62.5 °C for 30 s, and 72 °C for 30 s. The analysis of each sample is carried out in triplicate. IAV quantities of PCR products were expressed as per mode for normalized expression (2^−ΔΔct^).

Cytokine in lung homogenate in mice infected with IAV {#Sec10}
-----------------------------------------------------

The lungs were homogenized and centrifuged at 4000*g* for 15 min at 4 °C. Supernatants of the lung homogenates are collected and stored at − 80 °C to analyze the cytokine levels. Then the interleukin (IL)-4, tumor necrosis factor (TNF)-α, IL-1β, and interferon (IFN)-γ concentrations from the homogenates were measured using Mouse IL-4, TNF-α, IL-1β, and IFN-γ ELISA Kit (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) based on the instructions of the manufacturer.

The levels of thromboxane A~2~ (TXA~2~) and prostaglandin E~2~ (PGE~2~) in lung homogenate in mice infected with IAV {#Sec11}
--------------------------------------------------------------------------------------------------------------------

The lungs were homogenized and centrifuged at 4000*g* for 15 min at 4 °C. Supernatants of the lung homogenates were collected and stored at − 80 °C to analyze the cytokine levels. Then the levels of TXA~2~ and PGE~2~ in lung using Mouse TXA~2~ and PGE~2~ ELISA Kit (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) were assayed according to the instructions of the manufacturer.

CSP100 broad pathway antibody array {#Sec12}
-----------------------------------

The expression profiles of cell pathway proteins were detected and analyzed by broad pathway antibody array (CSP100, Fullmoon Biosystems, Sunnyvale, CA, USA). Mice were divided into two groups: IAV control group (IAV + sterile saline, suspended in 0.5% Tween 80) and PSF group (IAV + PSF 100 mg/kg). Mice were fed with PSF for 2 days before viral administration and treated for 5 days after infection. On day 6 after infection, mice were killed from each group to collect the lungs for the study. Lungs were lysed with extraction buffer as instructed by the manufacturer. The biotin reagent dissolved in *N*, *N*-dimethylformamide (DMF) is used to biotinylate the protein samples. 10 µL protein sample was blend with 40 µL labeling buffer and 1:7 biotin/DMF reagent was added to the mixture. The protein samples labeled with biotin were conjugated to pathway antibody array. The slides of antibody array were incubated on a rotating shaker at ambient temperature using blocking solution, then rinsed three times with water and dried naturally. Next, the protein coupling mix was added to the array slide and incubated at 4 °C overnight. The slides were washed twice, each time for 10 min using 1 × washing solution. The Cy3-streptavidin solution was added and shaked (55 rpm) for 20 min at ambient temperature. The slides were scanned using GenePix 4000B Array Scanner. The fold changes in intensities of protein between IAV control group and PSF group were calculated.

Immunoblotting {#Sec13}
--------------

The lungs were lysed with radio-immunoprecipitation assay (RIPA) buffer (Exon Biotechnology Inc., Guangzhou, China) and quantitated by the previously described method. The lysates were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane (Bio-Rad Laboratories, Inc, CA, USA), which was blocked in 5% milk and blotted with various primary antibodies in 5% milk dissolved in TBS and Tween 20 (TBST) solution. The immunoblotting was tested with anti-NF-κB p65 (1:500), anti-IκBα (1:500), and anti-MEK1 (1:500) antibodies (Cell Signaling Technology, Inc., Danvers, MA, 01923, USA). Gel analysis software (GelPro5.0, Media Cybernetics, Bethesda, MD, USA) was used to quantify the density of the band by calculating the average optical density of each field.

Statistical analysis {#Sec14}
--------------------

PASW for Windows, version 18.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. The data were represented by means ± SD in the analysis. The differences between the groups were compared by one-way analysis of variance (ANOVA) and the least significant difference test. The ANOVA and Tukey's multiple comparison test were also adopted. *p*\< 0.05 was significant statistically and Kruskal--Wallis test was conducted for the scoring of lung damage. A log-rank (Mantel--Cox) test was also performed for survival studies.

Results {#Sec15}
=======

Polygalasaponin F treatment protected mice from influenza challenge {#Sec16}
-------------------------------------------------------------------

This study assessed the effect of PSF on protecting IAV-infected mice. The clinical symptoms of mice appeared on the 3rd day after inoculation with IAV. More serious clinical symptoms, such as inactivity, ruffled fur, rapid shallow breathing, poor appetite, and weight loss, were detected by day 6.

Results show that the clinical symptoms of mice can be relieved by PSF or oseltamivir. The infected mice began to die on the 4th day after inoculation and reached the peak level on the 6th day (Fig. [2](#Fig2){ref-type="fig"}a, b). A significant decrease in the body weight of mice on days 3--9 after infection was compared with the NC group (Fig. [2](#Fig2){ref-type="fig"}a). However, the mice treated with oseltamivir and PSF (50, 100 and 200 mg/kg) had higher survival rate and body weight than the IAV-C group. All the infected mice of IAV-C group died within 15 days with the average survival time of only 5 days. In contrast, infected mice had longer survival time when treated with PSF (50, 100 and 200 mg/kg), as shown in Fig. [2](#Fig2){ref-type="fig"}b, c (*p* \< 0.05--0.01). Therefore, PSF and oseltamivir can help to inhibit the mortality rate, reduce body weight loss, and prolong the survival time of mice. The mice of the NC group showed no clinical symptoms or died and their body weight increased during the study period. This indicated that PSF could efficiently protect mice from influenza virus.Fig. 2Polygalasaponin F treatment protected mice from influenza challenge. BALB/c mice(*n* = 10) were treated for 2 h after viral challenge and 6 days after infection and monitored daily for signs and symptoms, body weight loss, and survival for 15 consecutive days. **a** Body weight; **b** survival rate; **c** survival time. Values are mean ± SD. Asterisks denote the significance levels: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\* *p* \< 0.001, compared with IAV-C group

PSF attenuated pulmonary inflammation in mice {#Sec17}
---------------------------------------------

To check the pathological changes in mice, we studied the HE staining and lung injury score. On day 6 after inoculation, the infected mice presented lesions in the lungs such as inflammatory cell infiltration, perivascular interstitial edema, and capillary bronchitis with edema (Fig. [3](#Fig3){ref-type="fig"}a---IAV-C). However, the pathological changes in the lung were improved when treated with PSF. No histological changes were found in the mice of the NC group. Infected mice treated with PSF (50--200 mg/kg) had lower lung histopathology score than the IAV-C group (Fig. [3](#Fig3){ref-type="fig"}b). On day 6 after infection, the lung index of IAV-C group increased significantly compared with that of the NC group (*p* \< 0.001). However, after treated with PSF (50--200 mg/kg), the lung index dropped significantly (Fig. [3](#Fig3){ref-type="fig"}c) (*p* \< 0.05--0.01). Similar to PSF, oseltamivir could also decrease the lung index (*p* \< 0.01). Compared with the IAV-C group, the mRNA expression of influenza virus M gene was significantly inhibited when PSF (50--200 mg/kg) was used (Fig. [3](#Fig3){ref-type="fig"}d, *p* \< 0.01), which indicated that PSF could reduce the inflammation induced by influenza virus.Fig. 3Polygalasaponin F alleviated the severity of IAV-induced lung injuries at day 6 post-infection (*n* = 6--10). **a** Pathological changes of lung tissues (HE, × 100); **b** pathological scores. **c** Lung index. **d** Relative quantitation of influenza A virus in lung. Data were presented as mean ± SD. A black arrow shows representative damages, including interstitial congestion, edema, infiltration of inflammatory cells, pulmonary hemorrhage, and alveolar edema. Asterisks denote the significance levels: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001, compared with IAV-C group

PSF inhibited cytokine levels in lung of mice infected with IAV {#Sec18}
---------------------------------------------------------------

As hypercytokinemia is usually related to IAV-induced pneumonia, we conducted the following experiments to determine whether PSF could affect the release of viral-induced proinflammatory cytokines.

After the infection by influenza virus, we extracted lung tissue from mice and analyzed the cytokines (IL-4, TNF-α, IL-1β and IFN-γ). The analysis showed that the IL-1β, TNF-α and IFN-γ levels in lung homogenate had a significant rise after 5 days of infection compared with the NC group (Fig. [4](#Fig4){ref-type="fig"}). But treatment with PSF (50, 100, and 200 mg/kg) had inhibited the increase of levels of IL-1β, TNF-α, IL-4, and IFN-γ in lung homogenates (Fig. [4](#Fig4){ref-type="fig"}a, c, d, *p* \< 0.05--0.01). Oseltamivir also had a similar effect to that of PSF. So the experiment showed that PSF could significantly decrease the level of pulmonary cytokines induced by influenza virus.Fig. 4Effects of polygalasaponin F on cytokine in lung homogenate in mice infected with IAV (*n* = 10). Proinflammatory cytokine levels were analyzed in lung homogenates of mice on day 6 after infection by ELISA. Data were presented as mean ± SD. Asterisks denote the significance levels: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001, compared with IAV-C group. **a** The level of IL-1beta in lung homogenate; **b** the level of IL-4 in lung homogenate; **c** the level of IFN-gamma in lung homogenate; **d** the level of TNF-alpha in lung homogenate

PSF inhibited the levels of TXA~2~ and PGE~2~ in lung of mice infected with IAV {#Sec19}
-------------------------------------------------------------------------------

Lung inflammation induced by influenza virus is accompanied by increased lung production of prostaglandins, leukotrienes, and lipid mediators (McCarthy and Weinberg [@CR33]).

On day 6 post-infection, the levels of TXA~2~ and PGE~2~ of IAV-C group increased significantly compared with that of the NC group (*p* \< 0.001). However, after treated with PSF (100--200 mg/kg), the levels of TXA~2~ and PGE~2~ declined significantly (Fig. [5](#Fig5){ref-type="fig"}a, b) (*p* \< 0.05--0.001). Oseltamivir did not decrease the levels of TXA~2~ and PGE~2~ (*p* \> 0.05).Fig. 5Effects of polygalasaponin F on lung TXA~2~ and PGE~2~ in mice infected with IAV (*n* = 10). The levels of TXA~2~ and PGE~2~ were analyzed in lung homogenates of mice on day 6 after infection by ELISA. Data were presented as mean ± SD. Asterisks denote the significance levels: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001, compared with IAV-C group. **a** The level of PGE~2~ in lung homogenate; **b** the level of TXA~2~ in lung homogenate

Polygalasaponin F decreased signaling pathway proteins involved in mice infected by IAV. {#Sec20}
----------------------------------------------------------------------------------------

A broader antibody microarray (CSP100) was used to study whether PSF could alter the signaling pathway (Table [1](#Tab1){ref-type="table"}). This antibody array contains 93 signaling pathway proteins, each with six replicates. Using a cutoff ratio of 0.88, we identified four cell pathway proteins, namely NF-κB p65, IκBα, and MEK1, were decreased by PSF in lung of mice infected with IAV (Table [1](#Tab1){ref-type="table"}). There was a 2-fold or greater increase in 6 of the 93 proteins assessed in the array induced by influenza virus and the expression of MEK1 (Ab-217) increased the most (7.15-fold) (Table [1](#Tab1){ref-type="table"}).Table 1Effects of polygalasaponin F on signaling pathway proteins involved in mice infected by IAVCell pathway proteinFold change in intensities from protein between IAV-C group and PSF (100 mg/kg)groupIkB-alpha (Ab-42)5.19IkB-alpha (Phospho-Tyr42)2.56MEK1 (Ab-217)7.15MEK1 (Phospho-Ser221)2.39NFkB-p65 (Ab-529)2.68NFkB-p65 (Phospho-Thr254)1.46

Polygalasaponin F inhibited influenza virus-induced cell-signaling pathway protein expression in lungs {#Sec21}
------------------------------------------------------------------------------------------------------

The expression of NF-κB p65, IκBα, and MEK1 in the lung of infected mice was assessed using western blot analysis to testify the results of antibody array (Fig. [6](#Fig6){ref-type="fig"}a). Results show that PSF could significantly inhibit the increase of the expression of NF-κB p65, IκBα, and MEK1 (Fig. [6](#Fig6){ref-type="fig"}b--d), which were also proved to be the targets of PSF.Fig. 6Polygalasaponin F inhibited signaling pathway proteins expression in lung of mice infected with IAV by western blot analysis (*n* = 6). GAPDH protein was used as a loading control. **a** Representative PAGE of cell-signaling pathway proteins expression by western blotting. **b** Semi-quantitative analysis of IκBα protein. **c** Semi-quantitative analysis of NF-κB p65 protein. **d** Semi-quantitative analysis of MEK1 protein. Values are mean ± SD. Asterisks denote the significance levels: \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001, compared with IAV-C group

Discussion {#Sec22}
==========

Influenza virus can infect upper and lower respiratory tracts and cause serious pneumonia with acute respiratory distress syndrome or even lead to death (Clemans et al. [@CR11]). IAV infection would cause tissue damages or trigger unbalanced production of antiviral cytokines, also known as "cytokine burst" or "hypercytokinemia", which had a certain connection with severe pneumonia caused by IAV strains (Cheung et al. [@CR6]; de Jong et al. [@CR15]). This study assessed the effect of PSF on the mice infected by IAV. The results showed that PSF could significantly relieve clinical symptoms, reduce the loss of body weight, improve the survival time, and alleviate lung lesions and life-threatening complications of infected mice. These results indicated that PSF could effectively protect mice from IAV infection.

Influenza viruses induce inflammatory cells to infiltrate lung tissue and release proinflammatory cytokines (such as IL-1beta and TNF-alpha), causing severe secondary pneumonia that contributed to the mortality, due to influenza infection (Matikainen et al. [@CR32]; Bellani et al. [@CR3]). In this study, PSF-treated mice had lower histopathology scores in the lung, showing that PSF might reduce the occurrence rate of pulmonary edema and relieve lung inflammation induced by influenza virus. In addition, PSF could inhibit the production of proinflammatory cytokines (e.g. TNF-α), and thus suppress the inflammatory responses in the tissues and cells (Yan et al. [@CR42]; Wang et al. [@CR39]). Our data show that influenza virus would significantly raise the IL-1β, TNF-α, IL-4, and IFN-γ levels in the lung tissue and the use of PSF could reduce the up-regulated proinflammatory cytokines. Besides, PSF could inhibit inflammation in the lung tissues and suppress excessive innate inflammatory responses, so that to protect mice infected with IAV from further damages.

This study found that influenza virus induce viral pneumonia in mice characterized by interstitial congestion, edema, infiltration of inflammatory cells, pulmonary hemorrhage, and alveolar edema. The lung index and pulmonary vascular permeability appeared to progressively increase, suggesting that the increase of pulmonary vascular permeability is one of the early lesions. In the IAV-C group and the PSF treatment group, lung TXA~2~ and PGE~2~ levels showed a synchronous change trend with pulmonary vascular permeability, lung index, and lung pathological changes, suggesting that lung damage caused by IAV was closely related to the production of TXA~2~ and PGE~2~. Prostaglandins \[PGs, including prostaglandin E~2~ (PGE~2~), PGD~2~, PGF~2α~, PGI~2~, TXA~2~\] are bioactive lipid mediators generated from arachidonic acid via the enzymatic activity of cyclooxygenases (COXs) and participate in the pathogenesis of inflammatory disease (Park et al. [@CR34]; Davies et al. [@CR13]). TXA~2~ is by far the strongest platelet aggregator and vasoconstrictor of vascular and bronchial smooth muscle (van Ooijen et al. [@CR38]). TXA~2~ constricts pulmonary vascular and bronchial smooth muscle, promotes platelet aggregation and secretion, and aggravates lung injury. In addition, TXA~2~ can mediate the adhesion and aggregation of neutrophils, release harmful factors such as oxygen free radicals, leukotrienes, and platelet activating factors, thus aggravating lung damage (Westphal et al. [@CR41]). PGE~2~ is the most abundant prostanoid in the mammalian body and plays a role in regulation of immune responses, blood pressure, gastrointestinal integrity, and inflammation (Coulombe and Divangahi [@CR12]). PGE~2~ acts as a mediator of pain and fever in inflammatory response and participates in the pathophysiological process of inflammation. All the classic signs of inflammation (swelling, redness, heat, and pain) can be attributed to PGE~2~ (Funk [@CR20]). IAV hyper induces the COX-2 and PGE~2~ production (Liu et al. [@CR31]). In this study, PSF can inhibit the release of TXA~2~ and PGE~2~ to a certain extent, thereby effectively alleviate the inflammatory response, which may be one of the mechanisms of anti-influenza effect of PSF. Our study showed that even if the viral replication have been suppressed in the mice treated with oseltamivir, levels of TXA~2~ and PGE~2~ were still similar to the IAV-C mice, which were significantly higher than those in the mice receiving PSF therapy. This finding suggests that once the viral infection has triggered the cytokine storm, inflammatory cytokines will continue to drive the immunopathologic progression (Zheng et al. [@CR44]) and antiviral therapy cannot completely inhibit this process.

Influenza virus infection would activate intracellular signaling pathways to support efficient replications and Raf/MEK/ERK-cascade and NF-κB would be activated by the influenza virus during the replications (Haasbach et al. [@CR21]). As the main regulator of influenza cytokines and chemokines production (e.g. TNF-α, TNF-β, IL-1 β, IL-4, IL-6, IL-10 and IFN-γ), the activation of NF-κB is a hallmark of host cells responding to influenza virus infection (Barnes and Karin [@CR2]). Overexpression of IAV-induced cytokines and chemokines is subjected to the NF-κB signaling pathway (Barnes and Karin [@CR2]). The activation and inactivation of NF-κB could directly regulate the transcription of inflammatory cytokines and adhesion factors such as interferon (IFN)-β and tumor necrosis factor-α (TNF-α) (Chu et al. [@CR9]). These cytokines and adhesion factors are considered to have connection with acute lung injury (ALI) (Lee et al. [@CR27]). As previously studied, the nuclear translocation of IκBα and NF-κB -dependent transcriptional activity can be inhibited by treating with PSF (Yan et al., [@CR42]; Wei et al., [@CR40]). The expression of NF-κB p65 (major component of NF-κB) and MEK1 had a significant decrease in the lung of IAV-infected mice after treated with PSF. PSF could inhibit signaling by Raf/MEK/ERK and NF-KappaB, which would interfere with the events and suppress virus production and inflammatory responses.

*Polygala japonica Houtt* (Gua-zi-jin in Chinese) is used in traditional medicine for the treatment of various inflammatory disorders such as acute tonsillitis, pharyngitis and pulmonitis (Wang et al., [@CR39]). Previous studies have reported triterpenoid saponins from *P. japonica* exhibited the anti-inflammatory activities on carageenan-induced mouse paw edema and nitric oxide (NO) production in LPS-stimulated RAW264.7 macrophages (Wang et al. [@CR39]; Kou et al. [@CR24]; Kim et al. [@CR22]). Triterpenoid saponins from the roots of *P. japonica*Houtt*.* have anti-inflammatory activity through inhibition of nitrite and PGE~2~ production, iNOS and, COX-2 protein expression and TNF-α, IL-1β, IL-6, and IL-12 mRNA expression in LPS-stimulated BV2 cells (Kim et al. [@CR22]; Ahn et al. [@CR1]). Previous research has reported that PSF inhibit the secretion of inflammatory cytokines induced by LPS and its mechanism is associated with the NF-κB signaling pathway (Wei et al. [@CR40]; Yan et al. [@CR42]), but the effect and mechanism vary in different conditions. This study demonstrated that PSF can block the production of cytokines and prostaglandins and inhibit viral pneumonia in mice infected with IAV, and its mechanism is associated with the suppression of Raf/MEK/ERK and NF-κB expressions, which may support the utility of *P. japonica* in respiratory infection, especially IAV-induced pneumonia.

There is an urgent need to find an effective treatment strategy against IAV infection in humans, because of the substantial mortality associated with these viruses. Although oseltamivir is, currently, most widely used for the treatment of influenza, it still exhibited high fatality, which can be attributed to delayed initiation of therapy (Zheng et al. [@CR44]). Influenza virus infection triggers the cytokine storm and includes following hallmarks: excessive proinflammatory cytokines, chemokines, and inflammatory cells recruitment into lungs (La Gruta et al. [@CR25]). Drugs with anti-inflammatory actions have controlled excessive inflammation from severe influenza in animal models such as the COX-2 inhibitor, naproxen (Lejal et al. [@CR28]). This finding suggests that viral replication is suppressed by oseltamivir, but the immunopathologic progression is not completely suppressed. The antiviral activity of oseltamivir involves NA inhibition, which differs from the anti-inflammatory mechanism of PSF.

In sum, our study supports the new evidence that PSF blocks cytokine production and inhibits viral pneumonia in mice infected with influenza A virus. However, the mechanism of PSF in other subtypes and strains of influenza virus in vitro and the effect of PSF on influenza viral pneumonia patients need further study.
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